Abstract The purpose of this study was to assess the influence of pupil size and optical blur on measurements obtained with isolated-check visual evoked potential (icVEP). Two stimulus conditions of icVEP, ?15 and -15% contrasts, were studied in normal subjects with normal (N), miotic (M), and dilated (D) pupils. The effects of optical blur were studied in subjects with normal pupil. Response to visual stimuli was quantified by a signal-to-noise (SNR) ratio. In 30 normal subjects, the mean age was 26.0 ± 3.4 years. Mean pupil diameters were N = 4.2 ± 0.6 mm, M = 2.7 ± 0.6 mm, and D = 7.3 ± 0.9 mm. For both ?15 and -15% contrast levels, mean SNR values were reduced for dilated and constricted pupils when compared with normal pupils. Mean SNR values for optical blur with a ?2 or ?3 diopter lens placed over the distance correction were reduced when compared with SNR measurements obtained with best-corrected visual acuity under both ?15 and -15% contrast levels. Statistical significance was found in comparisons of N versus M (P \ 0.001) and N versus D (P = 0.002) for ?15 and -15% contrast conditions, respectively. No statistical difference was seen for M versus D (P = -0.435). The effect of optical blur was statistically significant when compared to the normal pupils with best-corrected vision (P \ 0.001). No statistically significant difference was found comparing ?2 and ?3 diopters lenses for optical blur testing. Visual evoked potential values are influenced by pupillary constriction and dilation, as well as optical blur. When obtaining icVEP measurements, the influence of pupil size and optical blur should be kept in mind for accurate interpretations.
Introduction
The current gold standard for visual function assessment in glaucoma patients is standard automated perimetry (SAP). Although routinely used, SAP is subject to numerous limitations, including lengthy testing time, learning curve, dependence on subjective input from patients, and influence of varying pupil sizes and uncorrected refractive errors on its measurements [1] [2] [3] [4] . Also, histological studies have shown that a significant number of ganglion cells, up to 50%, may be lost before visual deficits are manifested on SAP due to considerable redundancy in neural pathways [5, 6] . An alternative hypothesis suggests that, by targeting a specific set of ganglion cells with sparse distribution, the sensitivity to detect early functional loss may improve [7] [8] [9] . One of these pathways, the magnocellular pathway, known to be most sensitive to high temporal frequency stimulation, is thought to be affected early in glaucoma because of the preferential loss of large-diameter ganglion cells [6, 10] .
A novel electrophysiological device, isolatedcheck visual evoked potential, icVEP, has been shown to measure the electrical activity generated by the magnocellular pathway [11] . In the visual system, ON and OFF cells are thought to mediate brightness perception (white on a black background) and darkness perception (dark objects on a lighter background), respectively [12, 13] . There is some evidence that ON cells in the magnocellular pathway are particularly sensitive to early glaucomatous damage [14] .
By measuring the responses in select visual pathways, icVEP may aid in early detection of glaucoma and provide rapid, objective, and quantitative measurements. Because icVEP is a new method for assessing visual function, little is known about the effects of varying pupillary diameters and uncorrected refractive errors on its measurements, as has been reported with static and kinetic perimetry. The purpose of this study was to assess the influence of these variables on measurements obtained with icVEP in normal subjects. Understanding the effects of these variables in glaucoma patients would improve accuracy of measurements and facilitate interpretations of these recordings in clinical settings.
Materials and methods
This was a prospective study involving 30 normal subjects. The study population was recruited from a clinic and university community. Investigations were performed according to the guidelines of the Declaration of Helsinki, Institutional Review Board (IRB) Committee approval was obtained, and signed consent to participate in the research study was obtained from each subject.
Subjects with best-corrected visual acuity of 20/30 or better and no ocular abnormalities were enrolled in the study. Baseline measurements included bestcorrected visual acuity recorded in logMAR; refraction recorded in spherical equivalent; and pupil sizes in normal, constricted, and dilated states using a standard pupil test card in a dim room. Pupillary constriction was achieved by instilling one drop of pilocarpine 1% ophthalmic solution, and dilation was achieved using one drop of tropicamide 1%.
Isolated-check visual evoked potentials with two stimulus conditions, ?15% and -15% modulation depths, for a normal (N), miotic (M), and dilated (D) pupil were studied. In addition, the effects of optical blur in the normal pupil condition were analyzed with a ?2.00 and a ?3.00 diopter lens placed over the distance correction. The primary outcome measure was quantification of signal-to-noise ratio (SNR), a strong predictor of neural dysfunction.
The details of the design and operation of this novel electrophysiological device have been previously described [11, 13, 14] . Visual evoked potentials using the Neucodia device (SynaBridge, Raritan, NJ) were used to measure electrical activity in the brain in response to visual stimuli. Three disposable Ag/AgCl electrodes, filled with water soluble paste, were placed at the midline sites on the scalp, based on the international 10-20 system [15] , to comprise a single electrophysiological channel. The active electrode, O z , was placed in the occipital area with the reference electrode, C z , and the ground electrode, P z , in the vertex and parietal areas, respectively. The differential input amplifier had a gain of 20,000, bandwidth filter of 0.5-100 Hz, and common mode rejection ratio not smaller than 120 dB. The EEG signals from the electrodes were enlarged by the amplifier and then sent to a 12-bit analog-to-digital converter (ADC) for digitizing.
In our study, isolated-check stimuli of 10 Hz with luminance contrast of ?15 and -15% were used to test each eye (? indicating a positive contrast andindicating a negative contrast). Although previous work by Greenstein et al. [14] demonstrated a good separation between the disease and control groups using a stimulus condition of 8% positive contrast and 15 Hz temporal modulation, their work was performed with sweep stimuli (presentation of several stimuli with different contrasts displayed consecutively). Pilot testing during the present study indicated that slightly different stimulus parameters would be needed to yield more reliable responses from control observers. Therefore, a frequency of 10 Hz was selected in our study.
Eight samples of each stimulus were recorded monocularly with each eye. Each experimental run lasted 2 s. In the 1st second, half the test contrast level was presented as an adaptation condition, and in the 2nd second, the full test contrast was presented to elicit the desired VEP response. The data acquisition was performed with a sampling rate of 400 Hz. An auditory signal preceded the start of a run, at which point a uniform field with a fixation cross in the center was replaced by a pattern field consisting of a 24 9 24 array of isolated checks with a fixation cross in the center (Fig. 1 ). The 24 9 24 array of isolated checks was embedded in a 20 9 20 cm sized background field with a luminance of 50 cd/m2. Each check was equally distanced with a space equivalent to the check size. The viewing distance was set to 114 cm, which gave the stimulus a viewing angle of 10°. A color conversion adapter was used to convert the 8-bit red-blue-green color video signals to a 16-bit gray level signal. The stimulus frame rate was set to 100 Hz. Each pattern was presented in appearance-disappearance mode with contrast modulated by the temporal sinusoid function with frequency set to 10 Hz. The auditory signal improved fixation for the subject and increased the reliability of the test.
The device has built-in algorithms to calculate the 60 Hz line noise and drift. If the noise and drift exceed the preset threshold, the data is automatically discarded, and the operator is instructed to repeat another run. If the data is validated, it is displayed on the user's monitor, and the operator has an option to either accept or reject the data based on inspection for additional artifacts and whether proper fixation was maintained during the run. Examples of reliable and unreliable EEG recording are shown in Fig. 2 . Figure 2a displays a reliable EEG recording, and Fig. 2b displays an EEG recording with a large electromagnetic field noise.
The application program performed a discrete Fourier transform (DFT) on the electrophysiological data to calculate the frequency components of the steady-state VEP. The validation program then performed an outlier analysis on the eight fundamental frequency components (FFC) obtained from the eight individual runs. The program discarded any extreme FFC outlier and the measurement was repeated. Once eight qualified FFCs were collected, the program calculated the mean FFC and the radius of a confidence circle by using the T 2 circ algorithm [16] . The mean FFC contains two variables, the sine and cosine components, from which the values of amplitude and phase were derived. The radius of the confidence circle represents the noise level. The SNR, defined as the ratio of the amplitude of the mean FFC to the radius of the confidence circle, was calculated. The SNR was used to assess the reliability of the VEP and is a strong predictor of neuronal damage [17, 18] . Fig. 3 . SNR values for both eyes were used to calculate a mean SNR for each patient.
Statistical analysis was performed using a multifactor ANOVA testing using SPSS. The GreenhouseGeisser method was used to study different variables. Pairwise comparisons were performed using Bonferroni adjustment, and a P value \ 0.05 was considered statistically significant.
Results
The study included 30 normal subjects, who ranged in age from 22 to 35 years, with a mean ± SD of 26 ± 3.4 years. There were 16 men and 14 women; 22 were Caucasian, 6 African-American, and 2 Asian. Mean pupillary diameters were 4.2 ± 0.6 for normal, 2.7 ± 0.6 for miotic, and 7.3 ± 0.9 for dilated pupils. Visual acuity recorded in mean logMAR was 0.02 ± 0.05 and 0.01 ± 0.04 for the right and left eye, respectively. Mean spherical equivalent values were -2.3 ± 3.0 for the right eye and -2.2 ± 2.6 for the left eye.
A summary of SNR data assessing the visual evoked potential response functions to positive and negative contrast stimuli using a normal, miotic, and dilated pupil is provided in Table 1 . The mean SNR values for ?15% contrast were 1.29 ± 0.63 for normal, 0.84 ± 0.43 for miotic, and 0.82 ± 0.39 for dilated pupils. The mean SNR values for -15% contrast were 1.43 ± 0.62 for normal, 0.93 ± 0.48 for miotic, and 1.16 ± 0.67 for dilated pupils.
Statistical significance was found in comparisons of normal versus miotic pupil (P = 0.002) and normal versus dilated pupil (P \ 0.0001) for ?15% contrast. Statistical significance was found for normal versus miotic pupil (P \ 0.0001), but not for normal versus dilated pupil (P = 0.111) for -15% contrast.
A summary of SNR data assessing the influence of optical blur on a normal pupil using ?2 and ?3 diopters with both types of luminance contrast is shown in Table 2 . Mean SNR values for optical blur using a ?2 diopter lens were 0.65 ± 0.24 for ?15% and 0.76 ± 0.34 for -15%. Mean SNR values for optical blur using a ?3 diopter lens were 0.68 ± 0.31 for ?15% and 0.79 ± 0.37 for -15%. The effect of optical blur was statistically significant when compared to the normal pupils with best-corrected vision (P \ 0.001) under both contrast levels. No statistically significant difference was found comparing ?2 and ?3 diopters lenses for optical blur testing.
Discussion
Visual function assessment is an integral component of glaucoma evaluation and management. The current gold standard for visual function testing, standard automated perimetry, requires subjective input from patients, identifies only advanced nerve damage, and is affected by various artifacts. Visual evoked potential offers the potential for objective measurement of visual function, potentially can identify earlier damage of specific neural visual pathways, and may be less susceptible to variation due to certain artifacts. In this study, we assessed the influence of pupil size, optical blur, and different stimulus contrasts on measurements obtained with icVEP in normal subjects. We found significantly reduced VEP measurements with variations of pupil size and optical blur.
In visual field testing, both static and kinetic perimetry are affected by varying pupil sizes. A small pupil may simulate a glaucomatous visual field defect by generalized depression because of miosis or exacerbate an already constricted field, giving a false impression of progression of glaucoma [19, 20] . A dilated pupil, on the other hand, would be expected to enhance a visual response because more light is reaching the retina. However, it has been shown that light rays entering through the periphery of the pupil are less effective in evoking a visual response than are rays traversing the center of the pupil, suggesting 
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Values are mean ± SD averaged from right and left eyes, n = number of subjects P values were calculated using ANOVA with a Bonferroni adjustment Doc Ophthalmol (2010) 121: 1-7 5 that the visual responses in dilated pupils are more complicated than just the pupillary area calculations [21] . Effects of pupillary dilation on automated perimetry in both normals and glaucoma subjects have been described [22, 23] . Statistically significant reduction in threshold sensitivities with worsening in the mean defect index was reported in normal subjects using 1% tropicamide [22] . Pupillary dilation in glaucoma patients has also been shown to produce a nonuniform reduction in threshold sensitivities, which may be more pronounced in the outer zones of the visual field [23] . For these reasons, consistent pupil size for serial visual field testing is recommended.
Our results in normal subjects show that the SNR was diminished for both constricted and dilated pupils when compared with a normal pupil. These findings were confirmed using different stimulus patterns. The magnitude of the SNR was also reduced when optical blur was introduced, with no distinction appreciated with different amounts of optical blur. The effects of retinal blur have been previously evaluated by Sokol and Moskowitz [24] using pattern evoked potentials where they demonstrated that the P 1 peak latency was shortest with best-corrected visual acuity and became longer with defocused retinal image.
Although this study analyzed visual evoked potentials in normal subjects, we used the luminance contrast of ?15 and -15%, which are thought to elicit responses from the magnocellular ON and OFF cells (12, 13) . These pathways are believed to be damaged earliest by glaucoma, and this concept is the rationale behind development of icVEP. Our results in normal subjects highlight the importance of studying these variables in glaucoma suspects and glaucoma patients to obtain accurate measurements for both diagnosis and monitoring of glaucoma.
Martins et al. [25] investigated the influence of various pupil sizes on the amplitude and latency for another electrophysiological device, multifocal visual evoked potential (mfVEP), in normal subjects. They reported no significant variations in the amplitude, except at the most miotic pupil diameter (2 mm), and shortened latencies with mydriasis in both the upper and lower hemifields. Advantages of icVEP compared with mfVEP include shorter test duration and more meticulous and detailed quantification of the SNR response through the use of multivariate statistical analysis. Muller et al. [26] also reported a statistically significant influence of pupil size on steady-state pattern reversal visual evoked cortical potentials.
Additional studies are needed to enhance our understanding of SNR and the role of icVEP for visual function assessment in glaucoma. Limitations of this study include a small sample size and inclusion of only normal subjects. We analyzed mean SNR of the right and left eye in our normal subjects. It has been shown that monocular stimulation of an individual's right versus left eye with electrophysiologic tests is essentially identical in eyes without any visual field defects because cortical architecture in relation to the electrodes is the same for both eyes and corresponding points in the visual field of the two eyes project to the same region of the brain [27, 28] .
Conclusion
Isolated-check visual evoked potential is a new technology that holds promise for long-desired objective measurement of visual function in both glaucoma suspects and glaucoma patients. In this study, we have found significant reduction of SNR measurements of icVEP measurements due to variation of pupil size and optical blur. Although our study analyzed these parameters in normal subjects, similar results may be seen in glaucoma patients and may be of significant importance for accurate acquisition and interpretation of data for detection and progression of glaucoma using this device.
